Microbiological analysis of several cold-preserved tissue samples from the Siberian baby mammoth known as Lyuba revealed a number of culturable bacterial strains that were grown on anaerobic media at 3 o C. Lactic acid produced by LAB (lactic acid bacteria) group, usually by members of the genera Carnobacterium and Lactosphera, appears to be a wonderful preservative that keeps other bacteria from colonizing a system. Permafrost and lactic acid preserved the body of this one month-old baby mammoth and kept it in exceptionally good condition, resulting in this mammoth being the most complete sample of the species ever recovered.
Introduction
In this article, we describe isolation of anaerobic bacterial cultures from samples of tissues of the best preserved mammoth found to date. The carcass of the one-month-old baby mammoth, later named Lyuba, was found in 2007 on the Yamal Peninsula in northwestern Siberia. 1 The newly found mammoth was only missing toenails, part of her tail and right ear, and most of her hair, and it appeared to be the most complete mammoth ever found.
Mammoths are an extinct group of elephants of the genus Mammuthus whose ancestors migrated out of Africa about 3.5 million years ago and spread across Eurasia, adapting to environments such as woodland, savanna, and steppes. The best-studied species of these proboscideans is the woolly mammoth, Mammuthus primigenius, which is phylogenetically closely related to living elephants and is approximately the same size. According to paleontological records, this species originated in the middle Pleistocene more than 400,000 years ago, probably in northeastern Siberia. The woolly mammoth was highly adapted to a cold environment, and had a dense undercoat, guard hairs up to three feet long, and small, fur-covered ears. Immense curving tusks, used primarily for fighting, may have also been handy for foraging beneath the snow. Because mammoths often died and were buried in sediment that has been frozen ever since (permafrost soils), many of their remains have survived into modern times, particularly in the vast deep freeze of Siberian permafrost. The Siberian subsoil contains a large quantity of woolly mammoth remains. At the melting ice each summer, hundreds of their tusks, teeth, and bones appear on the banks of rivers and lakes and along the seacoast, freed by erosion from the frozen ground where they have lain for tens of thousands of years. Since the first recovery of a woolly mammoth carcass in Siberia in 1806 by the botanist Mikhail Ivanovich Adams, about a dozen other soft-tissue specimens had been found, including several calves ranging in age from newborn to about a year.
Then, between 14,000 and 10,000 years ago, the mammoths disappeared from most of their range, along with most of the other large mammal species in the Northern Hemisphere -as many as 70 % in some regions. These extinctions were so sweeping that scientists have proposed a number of cataclysmic events to explain them -a meteorite strike, killer fires and droughts, and a virulent, cross-species pandemic. The extinctions coincided with the end of the most-recent ice age, but many researchers believe that the primary cause of the great die-off was the sharp rise in temperature, which dramatically altered the vegetation.
The extinction also coincided with an arrival of another ecology-altering force. Modern humans arose in Africa about 195,000 years ago and spread into northern Eurasia around 40,000 years ago. As time went on, their expanding populations put increasing pressure to bear on prey species. Some scientists believe that human hunters were as much to blame as a climate change for the great die-off. The debate over the megafaunal extinction is one of the liveliest in paleontology today, and not one likely to be resolved by a single specimen, no matter how complete. Nonetheless, the samples of every mammoth carcass recovered -muscles, internal organs, stomach contents, bones, milk inside of stomach, teeth, etc. -are of enormous interest for researchers.
Tikhonov decided to make a cooperative investigation of Lyuba`s carcass, and invited the best specialistspaleontologists and his colleagues -Daniel Fisher and Bernard Buigues, a French mammoth specialist. As it was noticed during the examination, the healthy hump of fat on the back of her neck suggested the baby had been in excellent condition at the time of her death. A deeper look into her teeth, internal organs, stomach contents, and other features promised to reveal a wealth of new information on normal mammoth biology and life ways.
The NASA/MSFC team received samples directly from Daniel Fisher, and the direction of our microbiological research was focused mainly on the isolation of any extremophilic microorganisms in living culture. This is the only way to exclude a potential surface contamination growth. However, we are not the first microbiologists who studied these unique samples. The Group of James Tiedje had already studied the genetic diversity of microorganisms associated with the Lyuba tissues.
The mummy belongs to a female mammoth calf approximately 1-1.5 months. Analysis of bone tissue yielded a 14 C date of 41,910 (+550/−450) years ago. 2 The analysis of detritus material from the large intestine had demonstrated a 14 C date of 41,700 (+700/−550) years ago. This time corresponds to the middle part of MIS 3, or the Middle Weichselian Pleniglacial.
Also, the analyses of pollen, phytolith, plant macrofossil and minerals in the mammoth`s intestinal content were carried out. A modeling reconstruction of the environment where the baby mammoth could live was reproduced based upon the intestinal content analyses. The conclusion was made that the baby mammoth lived in tundra-like landscapes dominated by grass-sedge communities with forbs and Betula nana.
Methods and characterization of the samples
The samples were shipped from Michigan University and delivered by FedEx to Astrobiology Laboratory at the National Space Science and Technology Center. The tissue samples were in dry-freeze conditions and kept in a freezer at -20 o C. The description of the tissues samples received is provided in table 1.
The final pH of the synthetic medium was adjusted to values of ~ 7.2-7.4. Hungate tubes with the medium were autoclaved during 1h at the temperature 121 o C and pressure 1 atm. Growth substrates were added separately in concentration 3-5 g l -1 . Preparation of the medium was described in our previous publications. 5, 6 Inoculation of each sample (cut with a sterile scalpel under a bacteriological hood) was conducted under the flow of nitrogen through the bacterial filter (diameter of pores 0.22 μm). A small piece ~ 0.4 g of each sample was put in Eppendorf tubes and filled out with 1.5 ml of a sterile mineral medium and intensively stirred with a sterile glass stick. 0.1 ml of each extracted material was inoculated in Hungate tubes with different growth substrates. Inoculated Hungate tubes were incubated in a refrigerator at + 3 o C. For the cultivation an anaerobic medium with pH 7.5 and 0.5% NaCl was applied. The gas phase in tubes was filled out by a high purity nitrogen gas. The medium composition (on 1 liter of deionized water) was as following:
1. 
Results
Growth of anaerobic cultures already was noticeable after 10-14 days, and as expected, yeast extract and peptone were the first substrates indicating growth. Phase contrast microscopy showed up to seven different morphotypes ( Fig. 3 & 4) . Consequent transfers onto fresh media confirmed the predominant types of cell morphology for the cultures. Table 1 demonstrates the number of psychrophilic or psychrotolerant cultures obtained on different substrates. 
(+) growth occurred only on first transfer.
Cultivation of anaerobes
Cultivation of each sample showed growth on certain organic substrates ( Table 2 ). The obtained enrichment and pure cultures were described and analyzed ( Fig. 3 & 4) . On sample 5B (stomach wall with adherent milk) growth was observed on the following substrates: Lactate, pyruvate, ethanol, D-fructose, D-glucose, peptone, and yeast extract. The first noticeable optic density appeared on rich organic substrates-yeast extract and peptone. Later growth occurred on D-glucose, pyruvate, D-fructose, lactate and ethanol. Four morphotypes were documented on yeast extract: Trichococcus-like swollen, non motile spheres or ovals 0.8 μm in diameter (in pairs or single); Carnobacterium-like small curved rods 0.3x1.2 μm, motile; 0.8x 3-5 μm rods with worm-like motion with typical Clostridium morphology and spore-forming; and short straight rods with tumbling type of motion. Only two morphotypes were obtained on peptone: straight Clostridium-like rods with spores at the end or in center of cells; the second morphotype was Carnobacterium-like curved small rods, motile "ants." On D-glucose, the dominant form was motile Carnobacterium-like curved small rods, but another type of straight rods with larger diameter 0.5-0.6 μm and length of 2-4 μm and tendency to chain-formation. On D-fructose only one morphotypes was observedmotile Carnobacterium-like curved small rods. On ethanol, two morphotypes were grown: straight dividing rods, motile; and short chains of beady, irregularly curved Carnobacterium cells. Growth on Hungate-tube with pyruvate showed two morphotypes of rods: small, motile and straight rods 0.3x3 μm; and larger 0.5 x 3-5 μm rods were also motile. On lactate, three morphotypes were documented: dominant type was tumbling, motile rods with pointed ends and swollen cells; 0.4-0.5 x 5-8 μm worm-like rods; last form was Carnobacterium-like "ant"-like cells.
Material from the sample 6B (milk from stomach) demonstrated growth on: pyruvate, lactate, D-glucose, peptone, and yeast extract. On pyruvate the dominant form was Carnobacterium-like motile small curved rods, and the second morphotypes was presented by a small number of oval motile rods with sizes 0.7 x 3-5 μm. On lactate three morphotypes were observed: the dominant form was long motile flexible rods 0.6x4-6 μm; less frequently, Carnobacterium-like rods were observed; and seldom oval rods in pairs or singly occurred. D-glucose showed only one morphotype -curved short chains of Carnobacterium-like beady cells. Peptone gave growth of small straight Clostridium rods motile and spore-forming. On yeast extract growth was dominated by small straight rods, and sometimes, larger sizes (0.6 x 5-8 μm) spore-forming rods were seen.
Sample 8B (intercostal muscle) showed the largest spectrum of substrates with positive growth: formate, acetate, lactate, ethanol, D-glucose, peptone and yeast extract. For all 11 checked growth substrates only four morphotypes were determined. The second transfer on ethanol did not give a positive result. As for sample 6B on Dglucose, this sample also demonstrated a presence of monoculture Carnobacterium-like morphology (small curved rods, motile "ants"). On peptone and yeast extract this morphotype was absent, but the dominant form was a culture with elongated, slightly curved rods 0.6 x 8-10 μm, motile and with a tendency to form short straight chains.
Another predominant morphotype, by cell number culture, was represented by small straight rods with polar type of flagellation and motile. Swollen ovals occurred (3-4 cells in each field), motile cylinder-shape cells were observed rarely and spore-forming Clostridium-like rods were also occurred. On pyruvate, two morphotypes were found: Tricococcus-like ovals and spheres, and small straight motile rods. On lactate, long rods with embedded round granules were documented. Some of them had a swollen sporangium and shiny round spores in a center. Furthermore, small ovals with an tumblin type of motion (dividing and single) were observed. On formate, the dominant culture was represented by elongated flexible rods with pointed ends (in short chains), motile with sizes 0.6 x 8-10 μm. Another morphotype was short Butyribacter-like rods (0.4 x 3-4 μm), and an unusual type with lemon-shaped rods with an tumbling type of motion (dividing in pairs). On acetate were reported four morphotypes: motile oval cells 0.8x2 μm; elongated flexible rods 0.5x 8 μm; Carnobacterium-like "ants"; and banana-shape vibrions 0.6 x 6-7 μm. 
Discussion
Just from looking at its tissues and gut contents it is possible to conclude what it ate and what condition it was in. Previously, no such specimen was available, but Lyuba provided just what it was needed to improve Fisher`s analyses. Traces of mother's milk in her intestines (the first milk residues ever found in a baby mammoth) and the fatty hump on the back of her neck were clear evidence that Lyuba was well nourished, and subsequent analyses of tusk and tooth material agreed with that assessment. The confirmation had opened the door to broader application of the methods.
These studies, together with CT scans performed at Jikei Univeristy School of Medicine in Tokyo, showed that Lyuba died suddenly at the age of one month. The team has not reached a consensus about her cause of death, but dense sediment packed into the mammoth's trunk, mouth and windpipe, along with a peculiar indentation at the base of her trunk suggest she died of asphyxiation in mud which filled her airways. Figure 5 . The quality and completeness of Lyuba`s preservation, makes it unique, no other paleontological specimen found had preserved this much of the original anatomy (Photo from "National Geographic").
Another intriguing question in Lyuba`s case is how its carcass had avoided decomposition and destruction of tissues. Undoubtedly, she was frozen in permafrost for most of the time between her death and discovery, but Fisher and Buigues determined that the carcass lay on the riverbank for nearly a year before the recovery and this baby mammoth sat out on the side of the river all the Arctic summer of 2006, which would have subjected the carcass to 24-hour-a-day sunlight, elevated temperatures and exposure to bacteria and scavengers. It was unclear why it had remained so well preserved (Fig. 5 ).
Based on previous experiments aimed at understanding how early humans in North America (14,000-10,000 years ago) stored the meat from large animal kills, Fisher believes Lyuba was naturally pickled in lactic acid produced by bacteria called lactobacilli. The pickling would have protected her body from decomposition, and the sour smell could have deterred scavengers.
Here, we include the section dedicated to LAB (Lactic Acid Bacteria). The abbreviation currently used in microbiology to limit the spectrum of representatives united by the common feature of producing lactic acid.
LAB -Lactic Acid Bacteria
Our experience with the LAB group was limited by two facultatively anaerobic genera within this group. The description of our new species Carnobacterium pleistocenium and Trichococcus patagoniensis led us to study all known representatives of these two genera for detailed comparison with our isolates. Currently, the LAB group includes 15 bacterial genera. Taxonomically, LAB species are distributed in two distinct phyla Firmicutes and Actinobacteria. Within the Firmicutes phylum, LAB belong to the Lactobacillales order and include the following genera: Aerococcus, Alloiococcus, Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Symbiobacterium, Tetragenococcus, Vagococcus, Trichococcus and Weissella, which are all low-GC content organisms (31-49%). Within the Actinobacteria phylum, LAB belong to the Atopobium and Bifidobacterium genera, with a GC content of 36-46 % and 58-61 %, respectively. 7, 8 The lactic acid bacteria are one of the most industrially important groups of bacteria and have a very long history of use in fermentation. 9 These organisms are used in a variety of ways, including food production, health improvement and production of macromolecules, enzymes and metabolites. The LAB are the second only to yeast in importance to their services for mankind. They have been used worldwide in the generation of safe, storable, organoleptically pleasant foodstuffs for centuries. The metabolism of LAB has been applied throughout history for the preservation of foods and beverages dating back to the origins of agriculture. 10 The domestication of LAB strains was passed down through various culinary traditions and is currently used with many food products.
Today, LAB play a prominent role in the world food supply, performing the main bioconversions in fermented dairy products, meats, and vegetables. LAB are also essential for the production of wine, coffee, silage, cocoa, sourdough, and numerous indigenous food fermentations. Given their importance and the vast array of applications in the food industry, research on the genetics, metabolism and applications of these bacteria has made considerable progress over the last decades, as is corroborated by the eight FEMS-sponsored LAB symposia that have been organized since 1983. However, a wide range of applications of LAB in food biotechnology and human health remain potential whereas a number of important strains still need to be described.
Lactic acid bacteria are historically defined as a ubiquitous and heterogeneous family of microbes sharing some physiological features. However, the term "lactic acid bacteria" does not reflect a phyletic class, but rather the metabolic capabilities of this heterogeneous bacterial group, the most important of which is the capacity to ferment sugars primarily into lactic acid. LAB are characterized as Gram-positive, catalase negative, facultative anaerobic, non-sporulating, and acid-tolerant. 8 The heterogeneity of this bacterial group is well reflected in the wide range of cell morphologies, since they may appear in rod or coccoidal shape, singly, in pairs, or in tetrads and short to long chains.
All species of LAB have their own particular reactions and niches. The lactic acid they produce is effective in inhibiting the growth of other bacteria that may colonize and spoil the food. Because the whole group is referred to as 'lactic acid bacteria' it might appear that the reactions they carry out are very simple, with the production of the only one main end product -lactate. This is far from the truth. The LAB is a very diverse group of organisms with different metabolic capacities. This diversity makes them very adaptable to a variety of conditions and responsible for food fermentations. LAB can be divided into three groups based on fermentation characteristics: homofermentative, facultatively heterofermentative, and obligately heterofermentative. The first one produces essentially lactic acid, while the two latter are able to accumulate also a variety of metabolic end products, including lactic, acetic, and formic acids, ethanol, and carbon dioxide. 7, 11, 12 These other compounds are important as they impart a particular taste and aroma to the final product. Biochemically LAB carry out reactions (conversion of carbohydrate to lactic acid with carbon dioxide and other organic acids -without the oxygen). They are described as microaerophilic, since they require a small amount of oxygen to function. The LAB are also characterized by an increased tolerance to a lower pH range. This feature enables LAB to out-compete other bacteria in natural environments, as they can withstand the increased concentrations of acids and low pH.
The LAB are widely used in numerous industrial applications, ranging from starter cultures in the dairy industry to probiotics in dietary supplements, and as bioconversion agents. Due to the limited biosynthetic abilities and their high requirements in terms of carbon and nitrogen sources, the natural habitat of LAB is represented by nutritionally rich environments. LAB are generally associated with plant and animal raw biomass material, and the corresponding fermented food products, including dairy, meat, vegetable, and cereal plant environments, where fermentation may occur. Some species also may inhabit the respiratory, intestinal and genital tracts of living man and animals. The ability to colonize such a variety of habitats is a direct consequence of the wide metabolic diversity of this group of bacteria. Therefore, it is not unexpected that LAB have been used for decades in food preservation, leading to their widespread human consumption and generally recognized as safe (GRAS) status. 
Phytoncides
Another discussion concerning the excellent preservation of the carcass focused on the biocoenosis of where the mammoth lived. The occurrence of Lyuba in association with the species Betula nana as deetermined by paleontologists, may provide additional information related to phytoncides present in soild in that geographical region. Phytoncides are antimicrobial allelo-chemic volatile organic compounds derived from plants. The word, which means "exterminated by the plant," was introduced in 1937 by Dr. Boris P. Tokin, a Russian biochemist from Leningrad University. He found that some plants give off very active substances, which prevent them from rotting or being eaten by some insects, bacteria, and animals. Various spices, onion, garlic, tea tree, oak, pine trees, and many other plants produce and excrete phytoncides. Oak, for example, contains a substance called greenery alcohol; garlic contains diallyl disulfide; Sophora flavescens contains sophora flavanone G; and pine contains alphapinene, carene, myrcene and other terpenes. More than 5000 volatile substances defend the surrounding plants from bacteria, fungi, worms, and insects. Phytoncides work by preventing the growth of the attacking organism.
Phytoncides are widely used in Russian, Ukrainian, Chinese and Japanese medicine, including holistic medicine, aromatherapy, and veterinary medicine. In Taiwan, South Korea and Japan, people are commonly engaged in so-called forest bathing to breathe in phytoncides emitted by plant and trees, in order to improve their health. The species of the genera Betula are particularly well-known for antiseptic effects, the physiological action of which are not yet completely understood in pharmacology. Birch (Betula, Linnaeus), is a genus of plants of the family Betulaceae. The genus includes over 40 species of the original northern hemisphere, especially Scandinavian areas. The most common species is Betula pendula (= B. verrucosa), some authors considered a subspecies or variety of B. dawn prefers acidic soils, poor, sandy or pebbly. While Betula pubescens, known as the hairy birch prefers marshes or peat and is of similar size to B. pendula, even if it occurs more frequently as a small tree or bush. The birches are characterized by silvery-white bark, due to the presence of granules of betulin and are equipped with a remarkable hardiness, withstanding the diverse environmental conditions, such as a sudden drop of temperature, prolonged frosts and long periods of drought. In Slavic countries, at the surgery practice, some infected wounds traditionally have been treated with Wishnevsky Balsam -the liniment containing Birch bark oil usually received from trees of Betula pubescens or Betula pendula (= B. verrucosa). The results of regeneration of irritated tissues are miraculous and cannot be compared with any known antibiotics in pharmacology.
Geographical factor for bacterial density in soils
We would like to add several words about the strata-geographic distribution of microorganisms on our planet. Mishustin, the microbiologist and Academician of Russian Academy of Sciences made interesting observations long ago 13 that might help understand Lyuba`s excellent state of preservation. According to his study, the number of microorganisms in one cubic centimeter of soil in the polar regions of our planet is several orders of magnitude less than from one in a tropical or equatorial zone. The density of microorganisms in soils and air also correlates with the altitude of a region. This rule also works for the highly populated cities -urbanized territories and far away from civilization, in wild and pure zones. In mountains, this rule works as a function of the altitude: in higher zones, the quantity of bacterial cells in an air is minimal. It is a known fact that mountain air is cleanest. So, back to baby mammoth Lyuba, it`s carcass was found 1) in the permafrost of the polar region and 2) far away from overpopulated cities. Furthermore, Lyuba was surrounded by a river and near the ocean`s hydrosphere. This coupled with strong polar winds, and high UV radiation; would tend to minimize the conditions for biomass destruction, even though the carcass was exposed to the air for almost one year. Furthermore, the air in the Yamal region more likely should not contain many bacterial cells.
Conclusions
The major conclusion of this preliminary study of the microbial diversity within the samples studied here has clearly supported a previous opinion about predominance of the lactic acid-producing bacteria.
The lactic acid indeed, may be used as a universal preservative against secondary contamination and colonization of decomposing tissues in a naturally cold environment. Also, lactic acid bacteria are the famous group of microorganisms capable of a synthesis of antibiotics that would contribute to the preservation of baby mammoth carcass. Along with the environmental conditions, there is also indications of a biogeo-ceonosis, itself with a population of the family Betulacaea plants, which excreted into the surrounding soils phytoncides, which have antiseptic capacities. Furthermore, the permafrost due to the geographical location and climatic conditions of the Yamal Peninsula would also indicate lower populations of microbes as compared with more southern soils.
Conclusions for enrichment cultures:
